Summary. A study was made of three methods of washing bull, boar and ram spermatozoa, using as criteria contamination with free-lying cytoplasmic droplets, sperm motility and leakage of glucose-phosphate isomerase and hexokinase into the medium. The methods used were:
INTRODUCTION
In addition to spermatozoa, semen may contain other particulate matter, e.g. epithelial cells and débris, sperm fragments, lipid globules and free cytoplasmic droplets. The last are attached to spermatozoa on leaving the testis but are shed after passage through the epididymis, and are regularly found in ejaculates from mature rams, bulls and boars (Dott & Dingle, 1968) . Both the seminal plasma and extraneous particulate matter are undesirable contaminants of sperm preparations for critical biochemical experiments: the ideal goal is a pure population of undamaged spermatozoa.
Many procedures have been published for washing spermatozoa free of seminal plasma (e.g. Baker, 1931; White, 1953; Salisbury & Graves, 1963; Mann, 1964; Rikmenspoel, 1965; Hoskins & Patterson, 1967; Wales & Humphries, 1969) . In the past, however, little attempt has been made to wash the spermatozoa free of cytoplasmic droplets.
The problem is complex. When washed at room temperature in a physiolog¬ ical medium, a relatively great centrifugal force is necessary to sediment the highly motile spermatozoa and many droplets will be sedimented with them; furthermore, the pellet will be tightly packed and efforts to resuspend the spermatozoa may damage them. If the centrifugal force is reduced, fewer droplets will be sedimented with the spermatozoa but a large proportion of the more highly motile cells will be left in the supernatant. Washing entails another risk: unless some high molecular weight-protective agent is added to the wash fluid, spermatozoa may suffer 'the dilution effect' which is characterized by irreversible loss of viability (see Bishop & Walton, 1960; Mann, 1964) . Immobilization of spermatozoa before centrifugation and washing makes it possible to sediment the spermatozoa by low-speed centri¬ fugation. Under these conditions, cytoplasmic droplets mostly remain in sus¬ pension and the sperm pellet is easily resuspended. But methods of immobiliza¬ tion may be detrimental, e.g. cooling can cause cold-shock (Bishop & Walton, 1960; Mann, 1964) , and chemical immobilization may permanently alter sperm constituents.
The aim of this study was to compare three ways of washing spermatozoa using various criteria and to highlight some of the problems which arise.
MATERIALS AND METHODS

Semen
Semen was obtained from boars of proven fertility by manual collection using a 'dummy sow', and was then strained through cheese-cloth to remove the gel. Single collections (normally a double ejaculate) were used for each experiment.
Ram semen was collected between November and March using an artificial vagina. A sample from the pooled ejaculates of twenty rams was used for each experiment.
Bull semen was collected using an artificial vagina and the pooled ejaculates from between two and four bulls were used for each experiment; a different combination of bulls was used each time and at least twelve bulls were involved (all were taking part in a progeny-testing scheme).
All semen samples were of high motility. They were kept at 20°C until needed and were used within 1 hr of collection.
Washing methods A general flow sheet is shown in Text- fig. 1 and details of the centrifuging in Table 1 . The three methods of washing which were compared were :
Ringer method. (The normal washing procedure at room temperature in a Krebs-Ringer-fructose-phosphate medium-see Mann, 1964.) Bull and boar semen were spun directly and ram semen was spun after diluting with three volumes of the Ringer solution. The supernatant was removed and the pellet resuspended gently in Krebs-Ringer-fructose-phosphate medium (RFP). The suspension was then respun and the supernatant removed. The procedure was repeated, and the spermatozoa finally resuspended to a convenient concentra¬ tion. The density of the sperm suspensions during washing was between 0-3 and 0-7 109 cells/ml, and that of the final preparations between 0-7 and 2-0 109 cells/ml. (a) Morphological examinations. Samples of sperm suspensions were fixed in formol saline and examined under high-power phase-contrast microscopy for morphological damage to the spermatozoa and for the presence of free cyto¬ plasmic droplets in the sperm preparations.
(b) Motility scores. Samples of sperm suspensions were placed on a warmed microscope slide and examined under low-power magnification in a hot-box maintained at 37°C. Motility was scored on a scale of 0 to 4 (Emmens, 1947) , but \ grades were frequently assigned.
(c) Leakage estimations. Samples were taken from fractions obtained in the washing procedure (see , and spun at 30,000 g for 25 min at room temperature or at 4°C , i.e. the temperature at which the samples had been collected. The 30,000 g supernatant was then assayed for enzyme activities, and, by a knowledge of the volumes and dilution factors involved at each washing stage, the ratios of activity found/activity expected were calculated for each fraction (Table 2) . These, together with the total enzyme activity present, were used to assess the amount of leakage occurring at each stage of the washing procedure.
The total enzyme activity present in the final preparations was estimated by assaying a suspension after sonication (Pson), and the total soluble enzyme by Table 2 glucose-phosphate isomerase and hexokinase analyses on the supernatants and sperm suspensions prepared from bull semen, using the ringer, hypoosmotic and cooling methods for washing
Washing method
Fraction Dilution
Glucose-phosphate isomerase Values are units/ml. 1 unit of enzyme activity transforms 1 yumol of substrate/min under the assay conditions (37°C, pH 7-4).
For details of washing, see Table 1 (Morton, 1968; (Harrison, unpublished data) , it was assumed that 1 µ of NADP+ was reduced/µ glucose-6-phosphate oxidized during the assays (cf. Vinuela, Salas & Sols, 1963) .
Great care had to be exercised when assaying bull material, particularly when seminal plasma was present, due to the very high nucleotidase activity (see Mann, 1964) . This enzyme rapidly destroys the pyridine nucleotide coenzymes, and thus leads to apparently non-linear reduction or oxidation rates in spectrophotometric assays. Careful controls were carried out and initial rates of reaction taken if necessary.
The assay systems used are based upon well known methods (Bergmeyer, 1963) ; reactions were initiated by addition of samples to the systems. For hexokinase, the final concentrations in the cuvette were 100 niM-tris/HCl buffer (pH 7-4 at 37°C ), 1 mM-EDTA, 1 mM-2-mercaptoethanol, 10 mMMgCl2, 2-5 mM-ATP (neutralized), 1 mM-glucose, 0-5 mM-NADP + , and 2/ig/ml crystalline glucose-6-phosphate dehydrogenase (0-56 units). For glucosephosphate isomerase, the final concentrations in the cuvette were 100 mMtris/HCl buffer (pH 7-4 at 37°C ), 1 mM-EDTA, 1 mM-2-mercaptoethanol, 10 mM-MgCl2, 1 mM-fructose-6-phosphate, 0-5 mM-NADP+ and 2 µg|ml crystalline glucose-6-phosphate dehydrogenase (0-56 units).
Sperm density
Sperm density estimations were performed by measuring the absorbance of suitably diluted samples in formol saline on a Hilger Spekker absorptiometer and calculating the relevant sperm density from a standard curve (Dott, 1960 fig. 3 . Design of experiment to test leakage after hypo-osmotic shock of ram spermatozoa at different stages of washing. All P0 fractions were finally resuspended again in the same media as for the final wash and, together with all the wash supernatants, were analysed in the usual way (Text- fig. 1 , and Materials and Methods).
RFP or in HOP (data not given) showed that there was little increase in leakage of glucose-phosphate isomerase with time, thus tending to confirm the hypo¬ thesis that manipulation was responsible for leakage of this enzyme. However, leakage of hexokinase was clearly time-dependent, particularly in samples which had been subjected to hypo-osmotic shock, and was considerable when calculated as a percentage of the total soluble activity present (30 to 40% in 3 hr). Thus, a clear-cut discrepancy existed between the behaviour of the two enzymes.
In another experiment, a collection of ram semen was divided into four. One sample was diluted with RFP and washed twice with RFP; a second was diluted with RFP, washed once with RFP, and then once with HOP; a third was diluted with RFP, and washed twice with HOP; a fourth semen sample was diluted and then washed twice with HOP only (see Text- fig. 3 for scheme) . Glucose-phosphate isomerase and hexokinase were measured in the various supernatants. Essentially, in this experiment, the spermatozoa were subjected to hypo-osmotic shock after they had been progressively freed from other seminal contaminants. It had been expected that the increased leakage of the enzymes due to shock would be constant at each stage and merely dependent upon the total number of spermatozoa in the sample. However, this was not the case; the leakage (figures not given) was largely proportional to the amount of seminal contamination (i.e. the enzyme activity in SjP >S2RP >S3RRP), while the enzyme contents in the three final shocked sperm suspensions (i.e. P0RRP, P0RPP and P0PPP) were similar, bearing no relation to the amount of leakage found to occur during washing. The glucose-phosphate isomerase content in the fourth, unshocked, sperm suspension (P0RRR) was higher; however, there were many droplets present.
By performing the RFP and HOP washing experiments on split samples of semen, it was possible to estimate the total enzyme activities accounted for in all fractions (i.e. S1} S2, S3 and Pson). In every pair of experiments, the total was higher for the HOP samples subjected to hypo-osmotic shock than for the RFP controls (Table 3) : enzyme activity had appeared from 'nowhere'. The only fraction not accounted for in these estimations was the particulate matter in the washes. This matter consisted largely of cytoplasmic droplets.
DISCUSSION
Leakage of enzymes during washing
The appearance of glucose-phosphate isomerase and hexokinase in the extracellular fluid during the washing of bull, boar and ram spermatozoa was demonstrated clearly in all three washing methods studied, and it would seem that these enzymes leak from the spermatozoa during washing. However, three observations suggest that the spermatozoa themselves are not the only source of the enzymes and that leakage also occurs from the cytoplasmic droplets in the sperm suspensions : the first of these is the correlation between leakage after hypo-osmotic shock and the degree of contaminating seminal plasma containing cytoplasmic droplets ; the second is the presence of latent enzyme activity as well as particulate matter (mostly droplets) in the washings ; the third is the correlation between leakage and damage to droplets-hypoosmotic shock which fragmented ram and bull droplets caused extensive leakage when droplets were present, whereas when the droplets were removed intact during washing by the cooling method, leakage was low. Dott & Dingle (1968) have demonstrated the fragility of cytoplasmic drop¬ lets, and have also shown some lysosomal enzymes to be common to both spermatozoa and droplets; moreover, the cytoplasmic droplet originates from the sperm flagellum, in which the glycolytic enzymes are thought to be located (see Bishop & Walton, 1960; Mann, 1964) . If the cytoplasmic droplets from ram, bull and boar spermatozoa contain glycolytic enzymes, are variably fragile and leak their contents on hypo-osmotic shock, then the observed results are explained. In fact, subsequent work proved these suppositions to be correct (Harrison & White, 1969; 
Methods of washing spermatozoa
The presence of glycolytic enzymes in cytoplasmic droplets as well as in spermatozoa (Harrison & White, in preparation) underlines the need to re¬ move droplets from sperm preparations, particularly for biochemical studies. Although the cooling method has drawbacks, it is the only washing method we have tried which will yield a preparation of spermatozoa without free-lying droplets from all three species. (In most ejaculates, particularly those from boar, there will be some spermatozoa with droplets still attached to the tail structure -see, for example, Plate 2d-and these cannot be removed by washing.)
While it may not be original in principle or the only method possible, the cooling method has the following advantages. Firstly, cooling in an optimal diluent enables semen to be stored with the maintenance of potential motility for over a week, possibly also with the maintenance of fertility (Maule, 1962 (Maule, 1962) , although the spermatozoa of some species may be largely protected against damage by including in the medium high molecular weight sub¬ stances usually of a phospho-lipo-protein nature (Emmens & Blackshaw, 1956 ). The damage is probably due to stripping of the lipo-protein coating which envelops the spermatozoon and prevent loss of essential molecules; protective agents are considered to act by replacing this material.
In this study, we have suggested a method of washing spermatozoa which we feel offers the best results and the fewest drawbacks, but we emphasize that there is no single solution to the general problem. Each problem will demand a special solution, although the general principles are universally applicable.
